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COMPRESSIBILITY EFFECTS ON THE LONGITUDINAL STABILITY AND
CONTROL OF A PURSUIT-TYPE AIRPLANE AS MEASURED IN FLIGHT

By Wmrrau N. TURNER, PAvuL J. STEFFEN, and LAwWRENCE A. CLOUSING

SUMMARY

Measurements of the longitudinal stability and control of a
pursuit-fype airplane were made in flight up to a Mach number
of 0.78. The data are presented in the form of curves showing
the variation, with center-of-gravity position, dynamic pressure,
and Mach number, of the stick-fized and stick-free stability,
control, and balance of the airplane.

It was found that large increases in stability occurred at high
AMach numbers, reducing the controllability of the airplane.
Large increases in diving moment were also encountered at high
Mach numbers and moderate lift coefficients. These changes
were caused almost entirely by increases in the tail angle of
attack and the rate of change of tail angle of attack with airplane
lift coefficient resulting from the shock-stalling of the wing. An
increment of stalling moment, howerer, was encountered at high
Mach numbers and very low lift coefficients, apparently caused
by @ negative shift in the airplane angle of zero lift.

Distortion of the elevator fabric at high speeds, but not neces-
sarily high Aach numbers, caused the stick-free neutral point
as measured in steady straight flight to move far rearward and
increased the stick-force gradient in accelerated flight.

INTRODUCTION

For the past seversal years the National Advisory Commit-
tee for Aeronautics has been conducting an extensive flight
program for the purpose of obtaining quantitative design
criterions to insure favorable handling qualities of airplanes.
Practically all of these data, however, have been obtained at
speeds below those at which the compressibility of the air
appreciably affects the characteristics of the airplane. The
capability of modern aireraft to reach high Mach numbers
has made essential further investigations of the ecritical
changes that occur in the stability and control characteristics
due to compressibility. Because of the hazards involved in
investigating unfamiliar regions in flight, most of the present
knowledge of this subject has been obtained in wind-tunnel
tests of airfoil sections and airplane models. Although the
tunnel results have been of great value in indicating the
problems that would be encountered and the methods of
solution, complete appreciation of the effects actually
encountered in flight must finally be obtained from flight
tests of actual aireraft.

The purpose of the present investigation was to provide
information on the longitudinal stability and control char-

acteristics of a typical conventional pursuit airplane, to
determine not only what happened to the airplane but also
why it happened, to substantiate the pertinent general
effects of the compressibility phenomena as indicated in the
wind tunnel, and to provide data for aid in further evaluating
and developing the flying-qualities specifications.

The data were obtained from static-stability flight tests
conducted at four center-of-gravity positions up to a Mach
number of 0.55 and maneuvering-stability tests conducted
with the center of gravity at 0.288 M. A. C. up to a Mach
number of 0.78. In order to obtain data at the highest Mach
numbers, the airplane was flown several times up to the
meximum attainable Mach number (about 0.80) by diving
vertically from the absolute ceiling (about 34,000 {feet),
regaining level flight at 12,000 feet.

It is believed that the present investigation is the most
comprehensive of its type to date and may indicate general
trends to be expected; even so, it only provides a part of the
information necessary for a complete general analysis of the
problem which, of course, requires tests on many aircraft.

The investigation was made by the NACA at the Ames
Aeronautical Leboratory, Moffett Field, Calif.

The symbols used throughout this report are defined in
appendix A.

DESCRIPTION OF THE AIRPLANE

The airplane utilized in this investigation was a single-
engine, single-place, low-wing, cantilever monoplane equipped
with partial-span split flaps and tricycle retractable landing
gear.

Pertinent dimensions of the airplane are given in appendix
B. Figures 1 and 2 are photographs of the airplane as
instrumented for flight tests, and figure 3 is a three-view
drawing of the airplane.

INSTRUMENTATION

Standard NACA photographically recording instruments
were used to measure, as a function of time, indicated air-
speed, pressure altitude, normal acceleration, elevator angle,
elevator control force, pitching velocity, manifold pressure,
engine speed, propeller-blade angle, and internal pressure in
the elevator.

A free-swiveling airspeed head was mounted on & boom
about 4 feet ahead of the leading edge of the right wing at
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Fi1aURE 2.—Top view, test airplana as instrumented for fiight tests.
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a spanwise station about 7 feet inboard from the wing tip.
The head consisted of two separate static-pressure tubes
(for separate connections to the airspeed recorder and alti-
tude recorder) with a single total-pressure tube between
them. The airspeed and altitude recorders were mounted
in the wing at the base of the boom. Calibration indicated
that the lag in this system was negligible. (See reference 1.)

The static pressure was celibrated for position error by
comparing the reading of the recording altimeter with the
known pressure altitude as the airplane was flown at several
speeds past a reference height. It was assumed that the
total pressure was measured correctly. Celibration in the
Ames 18-foot wind tunnel showed that the error in recorded
airspeed due to the difference in the blocking of the head
itself between the highest Mach number obtained in the
flight calibration (0.50) and the highest Mach number
obtained in these flight tests (0.78) was less than 1 percent.

Indicated airspeed was computed according to the formula
by which standard airspeed meters are graduated (gives true
airspeed at standard sea-level conditions). The formula may
be written as follows:

V,=1703 (—H P 1)”“— 1] .
Do

All elevator angles were corrected for stretch in the elevator
control system between the elevator and the control-position
recorder.

In order to investigate distortion of the fabric, photo-
graphs of the upper and lower surfaces of the left elevator
were teken with 16-millimeter gun-sight-aiming-point cam-
eras mounted in the base of the fin just above the horizontal
tail and in the fuselage just below the horizontal tail.
Straight lines painted on the fabric above ribs and between
ribs furnished suitable references for evaluating the dis-
tortion. (See figs. 2 and 4.) Three additional ribs in which
pressure orifices were mounted were installed in each elevator.
Their location may be noted in figure 4. The orifices were
used in connection with a separate investigation.

TEST PROCEDURE AND CONDITIONS

Date were obtained with four center-of-gravity positions
in steady straight flight at Mach numbers ! below 0.55. This
group of data is referred to as ‘“the lower Mach number
date.”

Further tests were run at Mach numbers from 0.33 to
0.78 with the center of gravity at one location, 0.288 M. A. C.
These tests consisted principally of gradual turns or pull-
outs. Only the portions of the maneuvers where the pitch-
ing acceleration was negligible were used in the data reduction
This group of deta is referred to as ‘““the higher Mach number
data.” It was believed that the additional information to
be gained from tests with more than one center-of-gravity
position at high Mach numbers was not important enough
to warrant further risk to the airplane and pilot.

All tests were conducted with flaps and gear up; the oil
and coolant shutters were set one-half open (flush with the
main fuselage contours). Power-off tests were run with the
engine fully throttled and the propeller in the high-pitch

1 The general relationship berween Indfcated airspeed, pressure altitude, and Mach number
is shown in fig. 5.
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setting. Power-on tests were run with normal rated power
(power settings of 39 in. Hg M. P. and 2,600 r. p. m.) up to
the critical altitude; at higher altitudes the power was set
at full throttle with 3,000 r. p. m. In some of the dives from
high altitude the latt.er power control settings were not
changed even though the airplane was dived past the critical
altitude. Curves of the actual values of engine speed,
propeller-blade angle, and brake horsepower (as determined
by reference to the engine-power charts) resulting from the
power settings are shown in figure 6.

PRESENTATION OF THE DATA

So that a unified impression of the organization and scope
of the data may be obtained, the curves are briefly described
in the order of their presentation. Details of the methods
and formulas used in deriving certain curves are described
in the section Results and Discussion.

THE LOWER MACH NUMBER DATA

The lower Mach number stick-fixed longitudinal-stability
data for the clean configuration are shown in figure 7 for
the power-off and the normal-rated-power conditions. This
figure includes the basic curves of elevator angle as a function
of (%, the derived curve of neutral point as a function of
Cz, and the several cross plots by which the data were
faired and the neutral point determined. The variations of
Mach number and dynamic pressure with C; also are
indicated.
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Similar date showing the stick-free longitudinal stability
are presented in figure 8.

The elevator internal-pressure coefficient is shown as a
function of elevator angle in figure 9. '

Profiles of a typical elevator section between ribs showing
the fabric distortion encountered under several flight condi-
tions are presented in figure 10. The profile at the ribs dld
not become measurably distorted.

The lower Mach number data are compared in appendxx
C with data obtained on a similar airplane at Langley
Memorial Aeronautical Laboratory.

THE HIGHER MACH NUMBER DATA

The measured and derived data obtained from the tests
at higher Mach numbers are shown in figures 11 to 17.
Although tests were made with both power on and power off
at altitudes from 5,000 to 30,000 fect, differences due lo
changes in power and altitude were not large enough to be
separable; the data, therefore, were considered as onc group.

Figure 11 shows typical basic stability data (clevator angle
and stick-force modulus F,f¢ as a function of lift coefficient).
Straight lines were used to fair the data; curvatures which
apparently were indicated in some instances by the trend of
the test_points were believed due more to small variations
in the Mach number during the high-speed pull-outs than to
actual changes in stability with 1ift cocfficient. The faired
data in figure 11, along with a large amount of similar data
not, presented, were cross-plotted and again faired, resulling
in the curves of elevator angle as a function of Mach number
shown in figure 12 and stick-foree modulus as a function of
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Mach number shown in figure 13. The points are included
on these figures to indicate the magnitudes of the dispersion
in the data. The curves of figures 12 and 13 have been
replotted to a common zero axis and cross-plotted as & func-
tion of lift coefficient in figures 14 and 15 to indicate more
clearly the stability changes involved. Figure 15 also in-
cludes curves of F,/¢g computed on the assumption that the
low-speed hinge-moment coefficients did not vary with Mach
number or fabric distortion, thereby enabling the magnitude
of these effects to be more readily appreciated.

The data in figures 14 and 15 were used to obtain the stick-
fixed and stick-free stability parameters d5,/dC, and
d(F./g)/dC:) and tbe neutral point. These parameters are
shown in figure 16 as a function of Mach number. The
curves of figure 16 with other data then were used to
compute the variation of (), with Mach number shown in

figure 17.

The variation with Mach number of the pitching-moment
coefficient (about the 0.288 M. A. C. point) of the wing only
and of the airplane niinus the horizontal tail was computed
from the wing pressure-distribution data of reference 2 and
from tail pressure-distribution data. The variation is shown
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in figure 18. The elevator angle required to overcome only
these moments then was computed and is compared in
figure 19 with the angle measured in flight.

The remaining curves were computed from the foregoing
general data. Figure 20 shows the variation with indicated
airspeed of the stick force required to balance the airplane
at a normal acceleration factor of 1.0 and an altitude of 15,000
feet; in addition to the forces actually measured in flight, a

curve is shown calculated on the assumption that the eleva-.

tor hinge-moment coefficient was not affected by bulging or
compressibility, and another on the further assumption that
the airplane pitching-moment coefficient was not affected by
compressibility. Figure 21 shows the variation with indi-
cated airspeed of the stick-force gradient in accelerated flight
for the same conditions as those specified in figure 20.
Figure 22 shows, as a function of indicated airspeed, the ac-
celeration that would be obtained in & stick-release pull-out
and in & pull-out with a 50-pound-pull stick force at an
altitude of 15,000 feet.

RESULTS AND DISCUSSION
THE LOWER MACH NUMBER DATA

Stick-fixed longitudinal stability.—The curves of elevator
angle and rate of change of elevator angle with lift coefficient,
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shown as functions of €, and center-of-gravity position in
figure 7, in general, exhibit entirely normal characteristies.
It is seen that the stick-fixed neutral point in the power-off
condition varied from 0.335 M. A. C. at (;=0.12 to 0.324
M. A. C. at (3.=0.6. The neutral point in the power-on
condition varied from 0.347 M. A. C. at C;=0.12 to 0.332
M. A. C. at (3=0.6. The fact that the neutral point with
power off was ahead of that with power on probably was due,
principally, to two factors:

1. The destabilizing effect of the substantially higher pro-
peller-blade angles used in the power-off condition (fig. 6).

2. The stabilizing effect of the thrust moment in the power-
on condition (comstant b. h. p.) as the speed changes with
Cr. (The center of gravity of the airplane lies about two-
thirds foot below the thrust line and is probably very near
the center of drag.)

Stick-free longitudinal stability.—The curves of stick-force
modulus and rate of change of this parameter with C;, shown
as functions of C; and center-of-gravity position in figure 8,
exhibit normal characteristics in the higher test ¢, range but
not at the lower values of ;. The value of the stability
parameter [d(F,/q)/d(}] is seen to become abnormally large
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sign so that the stick-free stability becomes greater as the
center of gravity moves back. As a result, the stick-free
neutral point in the power-off condition varies from 0.348
M. A. C. at C-=0.55 to 0.385 M. A. C. at (;,=0.25 t0.0.60
M. A. C. at 0,=0.185; in the power-on condition the neutral
point varies from 0.315 M. A. C. at 0, =0.55 t0 0.385 M. A. C.
at 0,=0.2510 0.60 M. A. C. at C;=0.185; and for both power
conditions the neutral point moves infinitely far aft (no
change in stability with center-of-gravity position) at a CL
of about 0.15, reappearing ahead of the airplane at lower
values of C;.

These peculiar characteristics cannot be ascribed to the
effects of Mach number as the highest, test value of this pa-
rameter was about 0.55, well under 3, for the wing at low
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lift coefficients. The effects are, however, typical of those
resulting from bulged elevator fabric when down-clevator is
required to balance (as in this instanece) and the internal
pressure in the elevators is of the same order of magnitude as
the free-stream static pressure. (See reference 3 and fig. 9.)
The altered hinge-moment characteristics (as indicated by
the stick forces) result from the changed profile of the conirol
surface, which in turn depends directly on the magnitude of
the pressure over it, the pressures increasing dircctly with
dynamic pressure and elevator deflection. It islogical, then,

FR
£1 1
¢ 2 ————Total angle required {from figure I4}
L9 ----=--Angle required fo bolance the change
" in wing pitching-moment coefficient
& 3 only (see figure I8). |} || |
« £ —-——Angle required fo balance the change
§ _E in” airplane-minus- tail pitching+mameni
s © coefficient only (see figure (8).
® b -6
o ¥ /
< -4
g’ _8 / .2
3 -2
ég" o - _ B N £zl
§ 5.‘3 Iy D \/
8¢9 2
i
h I !
K
Q>0 JER N SO UpUpS: SO DN Y T
va U O oot e
?Q-*: § \\T—_’ i
Ek :S’ 3 A
Gy ® 4 I~
2 .3 4 ) & 7 8 =

Mach ncmb' er, M

FIaURE 10.—~Comparison of the change with Machk number of the actusl elevator angle
required, the angle necessary to balance the change in wing pitching moment only, and
the angle needed to balance the change in alrplane-minus-tall pltching mement only; clean
condition, tab neutral, ¢. g. at 0.288 M. A, C.



COMPRESSIBILITY EFFECTS ON THE LONGITULLNAL STABILITY AND CONTROL OF A PURSUIT-TYPE AIRPLANE 309

for the effects of bulging to predominate at low lift coefficients
and with the more rearward center-of-gravity locations for
the following reasons:

1. In this type of test, where (}, is changed by varying the
speed, the dynamic pressure and the rate of change of
dynamic pressure with €, grow rapidly large as (7, decreases.
(See fig. 8.)

2. Greater down-elevator angles are required to balance
the rearward shift of weight.

Profiles of a typical elevator section between ribs (fig. 10)
show that the general trend is toward bulging of both the
upper and lower forward surfaces of the elevator and marked
cusping near the trailing edge. In addition, the maximum
bulge ordinate, especially at the higher Mach numbers, is
located farther aft on the top surface than on the bottom
surface.? The source of the increased push forces required
at high speeds is therefore readily apparent because the
cusping of the trailing edge changes C,,“ in & negative

direction (reference 4), thus increasing the push forces
required for a given down-elevator deflection, and the
greater persistence of convexity toward the trailing edge of
the upper surface produces & curvature of the mean camber
line tending to produce & negative hinge moment, requiring
an additional push force at the stick.

Yhile maintenance of a high degree of stick-free stability
with far rearward center-of-gravity locations allows smooth
handling of an airplane in spite of the presence of stick-fixed
instability, the associated elevator distortion on this airplane
also produced a large change of elevator stick force required
for balance as the speed increased. This detrimental effect
will be discussed later in more detail.

THE HIGHER MACH NUMBER DATA

Stick-fixed longitudins! stability and control.—The varia-
tion with Mach number of the rate of change of elevator
angle with lift coefficient (figs. 11, 14, and 16), indicates a
stability increase starting at a Mach number of about 0.6.
At a Mach number of 0.78 the stability parameter d&,/dCy
is —41.5, as compared with the low-speed value of —3.5.

43
>
Q? 20 No effects of M or bulging on G,
Q no effecfs of M on €, (Computed) 1
- I
@ a
g L ,
8 5 /
« SO As flown, M and bulging VTN % I~ ]
g | affecting Cu, M offecting Cnh—No effects of M_]
2,‘,,: or bulging on €,
§ 4l but M effect op
QU \Crg remairung
50 \{Ca-n_pufedj
\./,
& I ] [ H 1
.3 A 5 b 7 7578

Moch number
140 180 220 280 300 340 380 420 460 500 540
Indicated airspeed. mph

Ficurr 2.—Variation with Indicated alrspeed of the stiek foree required to balance the
airplane at a normal acceleration factor of 1.0 ang at an altituda of 15,000 feet; clean condition,
trim tab neutrel, center of gravity at 0.238 AL, A, O.

3 The elevator Is vented around the hinge cut-outs and by M-Inch diameter holes in each
bay of the lower-surfaces fabric about 1}4 fnches from the trailing edge.

1 b

I !
As rlown, M ond bulging offec rinqlc,,,._

80 Marfecting Cnm .
------ Mo effec?s of M or bulging on €y,
M effect on Cn remaining [Computed)
70 -—— Mo M or bulging effect oni either 6,

or Oy, (Computed])

o)
Q

4]
Q
[ ——

"
Q
[——

[AY
Q

Stick-force gradient, AF./AAx, /0/9

n
o

===

L 1

4 .5 .6 .7 .75.78 _
Mach number

220 260 00 340 380 420 480 500

Indicated airspeed, mph

g

FIGURE 21.—Variation with Indicated alrspeed of the stick-force gradlent at an altitude of
15,000 feet; clean condition, trim tab neutral, center of gravity at 0.258 M. A. C.

According to reference 5, the increase of stability at the
higher Mach numbers is a characteristic trend arising from
the shock-stalling of the wing and persisting until a similar
stall occurs on the tail. The stability increase results princi-
pally from the increased rate of change of wing angle of
attack with Iift coefficient, resulting directly in a greater
rate of change of tail angle of attack with airplane lift coeffi-
cient. A greater stabilizing moment is thus produced by
the tail for a given change in lift coefficient and a greater
change in elevator angle is required to balance the airplane.

A reduction in the ability of the elevator to change the
airplane pitching moment also would result in increased
values of d8./dCr. Tests in the Ames 16-foot high-speed
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wind tunnel, however, have shown essentially constant values
of dC,/ds, up to & Mach number of 0.80 on airplanes with
tail surfaces up to 12 percent thick. The tail of the test
airplane is about 8 percent thick.

It is instructive to note the shift in neutral point indicated
by the foregoing data. The neutral point and its change with
Mach number (fig. 16) were estimated by substituting the
experimental values of d5,/dC;, in the following formula:

E’___ _ (d8,/dCrYa,rSd,
c Se

The value of a; was adjusted for variations in Mach number
by dividing the low-speed value, 0.60, by (1—A*Y2, The
value of r was estimated as 0.62 and was assumed to be
unaffected by compressibility. The dynamic pressure at
the tail was assumed equal to the free-stream dynamic
pressure. The neutral point is seen to vary from about 0.35
M. A. C. at M=04 to 0.36 M. A. C. at A/=0.6 to 1.34
M. A. C. at M=0.78.

As this series of data was obtained principally in curvilinear
flight, the neutral point should properly be called a maneu-
vering neutral point. The approximate rearward move-
ment of the neutral point due to pitching of the sirplane mey
be expressed as follows:

A x_,= _(—Ada/dCr)aS4,
¢ Se ]

An average value of Ada,/dC; for this group of tests was
0.34, resulting in a velue of A(z’/c) of about 1 percent of
the M. A. C. The straight-flight neutral point at low Mach
numbers was, then, at about 34 percent of the M. A. C,;
this value agrees well with that determined from the static-
stability tests at four center-of-gravity positions (fig. 7).

The variation with Mach number of the elevator angle
required for balance at & constant lift coefficient (figs. 11,
12, and 14) indicates the gradual onset of a stick-fixed
stalling-moment increment starting at & Mach number of
about 0.5. At positive values of the lift coefficient, this
stalling moment changes rather rapidly to a diving moment
at the higher values of Mach number.

The diving moment at the higher Mach numbers, accord-
ing to reference 5, and as will be shown later, results prin-
cipally from the increased tail angle of attack caused by the
increased airplane angle of attack required to maintain a
given positive lift coefficient after the shock stall. The
gradual onset of a stalling moment at the moderate Mach
numbers, however, is not a general characteristic of airplanes
at low lift coefficients and does not originate as a pitching
moment on the wing or airplane-minus-tail group. (See
fig. 18.) At positive values of the lift coefficient, the change
in elevator angle (stalling-moment increment) is in the
direction required to offset the change in tail angle of attack
due to the increased slope of the wing lift curve in this Mach
number range. The stalling-moment increment is alse
present, however, at & lift coefficient of zero; this fact might
indicate that in this Mach number range the parts of the
airplane (wing and propeller) ahead of the tail are operating
at positive values of ]ift when the airplane lift coefficient is
zero, the resulting local downwash at the tail necessitating
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down-elevator deflections to meaintain balance. Extrapola-
tion of some of the lift-distribution data of reference 2, for
wing sections ahead of the right tail 43- and 78-percent-span
stations, supports this indication; the wing section-lift coef-
ficients are, however, too small to account for any but a
small fraction of the elevator angles shown. The only major
remaining possibility, then, is that the stalling moment
results from a negative shift of the airplane angle of zero
lift, an unusual, although possible, phenomenon.

Stick-free longitudinal stability and control.—The variation
with Mach number of the rate of change of the stick-force
modulus with lift coefficient (figs. 11, 15, and 16) indicates a
stability increase starting at & Mach number of about 0.5.
At a Mach number of 0.78 the stick-free stability parameter
d(F./q)/dCy is 122, as compared with the low-speed value of 8.

The variation with Mach number of the stick-force modulus
required for balance at constant lift coefficient (figs. 11, 13,
and 15) indicates the gradual onset of a stick-freo stalling
moment starting at a Mach number of about 0.4 to 0.5. At
appreciable values of the lift coefficient, this stalling moment
changes rather rapidly to a diving moment at the higher
values of Mach number.

It is seen that the stick-free characterigtics of the airplana
are very similer to the stick-fixed characteristics. This fact
intimates that large changes in the hinge-moment parameters
toward overbalance do not occur. Inm order to determine the
magnitude of the change in stick force due Lo bulging and
Mach number, the hinge-moment parameters Cha, and

Oy, were estimated from the data taken at Mach numbers
a

of 0.4 and below. The negligible shift between stick-fixed
and stick-free neutral points, as shown for both power con-
ditions in-figures 7 and 8, indicated that CB.., was approxi-

mately zero. Other data (fig. 16) then indicated that
Ch, was about —0.0043. Using these values, the dotted

curves of figure 15 were computed, showing the values of
stick-force modulus that would have been obtained if there
were no effects of bulging or Mach number on the hinge-
moment parameters. The prinecipal effects of the bulging
are seen to be an increase in the push forces required for
balance and an increase in the value of d(F/¢)dC: for 2
given Mach number. The significance of these changes will
be discussed further in a later section of the report.

On the assumption that the change in On,,‘ with Mach

number was small enough to be negligible, the data of figure

16 were used to compute the variation of C’,.‘,c with Mach
number. (See fig. 17.) The value of O,,,‘ thus determined

was found to increase from —0.0043 at A/=0.4 to —0.0068
at A/=0.65, and then decrease to about —0.0055 in the range
M=0.73t0 0.78. The hook in the end of the curve shown in
figure 17 may be only the result of the fairing of the cross-
plotted data. The increase in the numerical value of thoe
derivative in the first part of the curve is probably the result
of the fabric bulging; at Mach numbers above 0.65 this effect
apparently is overshadowed by the usual trend toward over-
balance of balanced control surfaces at high Mach numbers
shown by available date from high-speed wind-tunnel tests.
As a further result of the assumption that 0,.“‘ remaing
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essentially zero, the stick-free neutral point will coincide
with the stick-fixed neutrel point in all conditions.

ADDITIONAL DERIVED DATA

Elevator angle required fo balance wing pitching moment
and airplane-minus-tail pitching moment.—1It is interesting
to determine the relative amounts of the change, with Mach
number, of the elevator angle required to balance the change
in the wing pitching moment alone, or the change in airplane-
minus-tail pitching moment, and that required to balance
the change in tail angle of attack. The change in elevator
angle required to balance the change in wing pitching-
moment coefficient or airplane-minus-tail pitching-moment
coefficient was computed as follows:

_ (—ACy, or AC,,_)Se
Aa‘_ amS',l;

The same assumptions were made concerning the variation
at @, and r with Mach number as had been made previously,

so that
A5,=62.5(ACn, or ACs,_)(1—MH2

The values of AC,, and AC,,_, were teken from figure 18

The results (fig. 19) show that very little of the elevator-
angle change was required to overcome the change in pitch-
ing moment of the wing or airplane-minus-tail group, sub-
stantiating the statement made previously that the principal
changes in balance and stability at high Mach numbers were
caused by the increase in tail angle of attack and in the rate
of change of tail angle of attack with Lift coefficient. A tail-
less airplane, then, might be expected to encounter less
trouble from changes in stability and balence at high Mach
numbers than does the conventional type.

Stick forces required to balance at various speeds.—The
date so far presented (figs. 11, 13, and 15) have shown, for
moderate values of lift coefficient, the usual onset of a diving
moment as high Mach numbers ere reached; this diving
moment Is replaced by a stelling moment, however, at very
low lift coefficients. The change in lift coefficient with
Mach number in a straight dive is such that zero lift coeffi-
cient is approached at higher speeds, the effect of the nega-
tive change in zero-lift angle (see earlier discussion) is pre-
dominant, and & stalling moment in encountered throughout
the dive. This characteristic contributes to the mainte-
nance of push forces throughouf the entire upper part of
the speed range in straight diving flight.

The variation, with indicated airspeed, of the stick force
required to balance the airplane in a dive at 15,000 feet
(fig. 20) shows that the maximum push force required (69
pounds) exceeded the value of 50 pounds specified by refer-
ence 6, although it did not exceed the value of (n—1) (@)
specified by reference 7. (For values of @, see next section.)
The pilot found the high push forces at high speeds very
uncomfortable and regarded them as hazardous. It is be-
lieved, therefore, that the requirement of reference 6 is more
suitable than that of reference 7.

If the effects of bulging and compressibility on the hinge-
moment coefficient could have been eliminated, the maximum
push foree required for the same tab setting would have been
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only 22 pounds. The larger push foree actually required
was mainly the result of the elevator fabric distortion, as
high Mach numbers usually tend to increase the control-
surface-balance effectiveness. The advantages of limiting
the elevator-contour distortion to negligible values by use
of stiffer surfaces are apparent.

By considering the expression for the stick force due to a
symmetrical control surface with neutral tab and Oha,=0'

F, ¢=chcc_a2 gclh,‘ac

it can be seen that, in spite of the fabric distortion, the
stick-force change with speed in a dive also could have been
reduced by increasing the stabilizer incidence so that the ele-
vator angle (with reference to the stabilizer) required at high
gpeed was approximately zero.

Figure 20 also shows that the stick-force change with
speed could have been still further reduced by eliminating
the stick-fixed balance change with Mach number.

Stick-force-gradient veriation with speed.—The variation
with indicated airspeed, of the stick-force gradient at an
altitude of 15,000 feet (fig. 21) shows that a value of @ of 4
pounds per ¢ was obtained up to en indicated airspeed of
290 miles per hour; the gradient then increased, at first
slowly but then more rapidly, until a value of 61.5 pounds
per ¢ was obtained at & speed of 460 miles per hour. Because
of the change in stick-fixed stability, & change in @ at high
speeds also would have been obtained even if the control-
surface hinge-moment parsmeters remained constent; figure
21 shows that the increase would not have started, however,
until 350 miles per hour was reached, and the value at 460
miles per hour would have been 45 pounds per g, smaller
but still rather large. Elimination of the change in stick-
fixed stability with Mach number, therefore, would most
effectively limit the increase of @ in this instance. Lesser
improvements could be obtained by limiting the change in
Oha, by use of closer rib spacing, plywood, or metal surfaces.

Changing the stabilizer setting would not materially alter

the value of @ obtained.

The variation, with indicated airspeed, of the acceleration
factor that would be obtained in two types of pull-outs
(fig. 22) was computed from the date in figures 20 and 21.
It is shown that, as the speed and the Mach number decrease
in & near-terminal-speed pull-out with this eirplane, the
acceleration obtained for a given stick foree increases rapidly.
This type of veriation admits the possibility of a pilot inad-
vertently overloading the airplane as a sizable pull force
which at one speed produced only a moderate pull-out
could, unless relaxed rapidly, result in excessive load factors
as the speed decreased. A point of further interest also
can be brought out here. It has become customary to warn

pilots against using the frim tab to pull out of a high Mach

number dive, the theory being that the tab, while relatively
ineffective at the highest Mach numbers, would suddenly
become effective as altitude and Mech number decreased
in the dive, thus causing 2 sudden violent pull-out. The
previous discussion suggests that, even with no change in
tab setting during the pull-out, the same effect might be

produced by the combined changes in trim and stability

of an airplane as the Mach number decreased in the dive.
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CONCLUSIONS

The following conclusions result from the data presented
herein and apply specifically to the sirplane, the conditions,
and the range of variables tested:

1. Stick-fixed stability:

(e¢) The neutral point at low Mach numbers was at an
average location of about 0.34 M. A. C.

(6) The stability increased markedly at Mach numbers
above 0.6, and the corresponding neutral point movad well
aft. At a Mach number of 0.78 the neutral point was at
about 1.34 M. A. C. _

(¢) The increase in stability at high Mach numbers was
found to be almost entirely the result of the increased rate
of change of tail angle of attack with airplane lift coefficient.

2. Stick-fixed balance: T

(@) At constant lift coefficient, as the Mach number was
inereased above about 0.5, a gradual stalling moment was
introduced. This stalling moment, resulting from a negative

change in the angle of zero lift and from changes in downwash -

at the tail, was maintained to the highest limits of the tests
(A=0.78) at very low lift coefficients.

(b) As the Mach number increased above approximately
0.7 at moderate values of the lift coefficient, & diving moment
was obtained. This moment was almost entirely the result
of the increased tail angle of attack resulting from the
greater airplane angle of attack necessary to maintain a
given lift coefficient after the wing shock stall.

3. Stick-free stability:

(¢) The neutral point at moderate speeds and Mach
numbers was at about 0.34 M. A. C.

() As thespeed increased, regardless of the Mach number,
distortion of the elevator fabric oceurred in such a menner as
to increase the stability and move the neutral point, as
determined in steady straight flight, far rearward.

(¢) When measured in steady accelerated flight, the stick-
force gradient maintained its low-speed value of 4 pounds
per g to a Mach number of about 0.5, then gradually inereased
to 61.5 pounds per ¢ at a Mach number of 0.78. Aboul 70
percent of this change was caused by the increase in stick-
fixed stability, the remainder being caused by the effects of
fabric distortion and compressiblity on the clevator hinge
moment. As nearly as could be determined, the stick-free
maneuvering neutral point corresponded with the stick-
fixed mancuvering neutral point.

4. Stick-free balance:

(e) The stick-free-balance changes with Mach number
were similar in direction to the stick-fixed-balance changes
although they were greatly magnified by the clevator fabric
distortion.

(b) With the tab set to obtain zero stick forece at an in-
dicated airspeed of 300 miles per hour at 15,000 feet, the push
force required near the maximum allowable speed at the
same altitude was excessive (69 pounds). This force could
have been reduced about two-thirds by eliminating the
elevator-fabric distortion.

(¢) The change in trim stick force with speced, when com-
bined with the change in stick-force gradient with speed in
accelerated flight, presents the possibility of inadvertently
obtaining excessive loads on the airplane in a constant-stick-
force pullout at high Mach number if the speed decreases
rapidly.

AmES AERONAUTICAL LLABORATORY,
Narroxan Apvisory COMMITTEE FOR AEBONKAUTICE,
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APPENDIX A
SYMBOLS
The symbols used throughout this report are defined below: | p,
GENERAL
airplane weight, pounds. f;‘ .
carrect indicated airspeed, miles per hour.
true airspeed, feet per second (except as noted).
density of the air, slugs per cubic foot.
elevator angle, degrees (from thrust line). x
tail angle of attack, degrees.
Mach number, ratio of V to speed of sound in free | 2’
stream. ¢
critical Mach number (that Mach number at which | &
the local speed of sound is reached at some point | b,
in the air flow over a body). I
the algebraic sum of the components along the air- | S
plane Z-axis, of the airplane acceleration and the | S,
acceleration due to gravity, in terms of g the
standard gravitational unit (32.2 feet per second
per second), positive when directed upward. L
positive limit load factor, 7.5 for this airplane. L,
rate of change of elevator hinge-moment coefficient F,
with tail angle of attack at constant elevator angle | Me..
(D Bdexy). A,
rate of change of elevator hinge-moment coefficient M-,
with elevator angle at constant-tail angle of attack
(2C»/23,). HM
rate of change of tail lift coefficient with tail angle of
attack at constant elevator angle (0C: /0a,). o
elevator effectiveness [(0C%,/08,)/0C: foa,)]. "
elevator control-system mechanical advantage | ¢
(FJHM), £ c.
stick-force gradient in accelerated flight (dF,/dA4z), c.
Ib/g. “
0“4—1
PRESSURES
free-stream total pressure, pounds per square foot. Cs
free-stream static pressure, pounds per square foot. P,

S
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standard atmospheric pressure at sea level, pounds
per square foot.

elevator internal pressure, pounds per square foot.

dynamic pressure (4eV*, pounds per square foot.
(except as noted).

LENGTHS AND AREAS

distance parallel to the airplane X-axis, feet (positive
forward).

distance from c¢.g. to stick-fixed neutral point, feet.
length of M. A. C., feet.

mean elevator chord, feet.

elevator span, feet.

distance from ¢.g. to aerodynamic center of fail, feet.
wing area, square feet.

horizontal tail area, square feet.

FORCES AND MOMENTS

lift, pounds.

tail lift, pounds.

elevator control force, pounds.

pitching moment about ¢.g., pound feet.

pitching moment of wing about ¢.g., pound feet.

pitching moment of airplane minus tail about ¢.g.,
pound feet.

elevator hinge moment, pouad feet.

COEFFICIENTS

lift coefficient (L/gS, or WAz/¢S as used in this _
report).

tail lift coefficient (L./qgS.).

pitching moment coefficient (3L, /¢Se).

pitching moment coefficient of wing (A4./¢Se).

pitching moment coefficient of airplane minus tail
(344-:/¢Sc).

elevator hinge-moment coefficient (Hf/gh.c:?).

elevator internal-pressure coefficient [(p,—»,)/¢]
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APPENDIX B

AIRPLANE DIMENSIONS

The specifications of the airplane used in the conduet of
this investigation are as follows:

Airplane, general:

Span. .. 34.0 feet.

Length_ . —~- 30.167 feet.

Height (at rest) .o — 9.271 feet.
Wing:

Airfoil section:
Root (22 inches outboard of center line

of afrplane) .. ccceooooo L __ NACA 0015.
Tip (projected, 204 inches outboard of
center line of airplane)..._._._. — NACA 23009.
Area, total, including ailerons and section
projected through fuselage_ __.._______ 213. 22 square féet.
Chord:
Root (22 inches outboard of center
line of airplane}_ . _____ - 8.22 feet.
Tip (projected 204 inches outboard of
center line of airplane}....____..__ 4.17 feet.
Mean serodynsmie chord. ... 6.72 feet.

Dihedral, at 30 percent upper ordinate. £.0°,
Incidence, with respect to thrust line_ . 2.0°.

Sweepback, leading edge_..________--: 4.58°.
Horizontal tail:
SpaN. - e e 13.00 feet.
Area.._ — 40.99 square feet. -
Distance, normel gross-weight center of
gravity to % maximum chord point_____ 14.95 feet.

Elevator:
Span_ _ oo 13.00 feet.
Area, total. .. 16.89 squaro feet.
Balance area forward of hinge line____._.. 4.80 square foet.
Weight: Gross, normal, and approximate as
flown. . 7,62¢ pounds.
Center-of-gravity position: Normal gross weight,
€EAT UP o - o oo o e 0.285 M. A. C.
Engine
TP el e m——mmm V-1710-85.
Ratings, without ram: '
Brake | Mantfold | EEMR | Appnde
horsepower} pressure . D, m) (.}
Take-off .______.___| 1,200 51.5 3, 000 Seca level
Military_____.____. 1,125 44, 5 | 3,000 15, 500
Normal ... .___ 1, 000 30.0 | 2,600 14, 000

Engine-propeller speed ratio. . __.___._.______ 2.28:1.

Propeller: Type. oo . 3 -blade hollow -steel
selectiveautomatic-
pitech,

Blade model .. A~20-156-17.

Maximum pitch limits:

Nominal . . 28° 10 63°,
Megaured ... 28.7° 10 65.3°,

APPENDIX C
COMPARISON WITH DATA ON SIMILAR AIRPLANE

Heandling quelities of an earlier version of this sirplane
were measured at the lower Mach numbers at Langley
Memorial Aeronautical Laboratory. The aerodyaamic de-
sign of this airplane is the same as the airplane used in the
tests presented in this report. Certain comparisons can be
made from similar data obtained on each airplane.

NEUTRAL POINTS

The straightflight neutral-point data for the Langley test
airplane for €,=0.2 and 0.8 were average in the maximum
level-flight speed condition and in the gliding condition for
comparison with the low-speed power-on and power-off data
for Cp=0.5 obtained in the present investigation. (See figs.

7 and 8.) The comparison is facilitated by the following
table: .
Btick-fivxed neuntral point | Stick-free neutral point
lane condlt
Alrplane condition I.atrg{ey Ames test Latnggzey Ames test
afrplane alrplane girplane alrplane
POWer OB e o e 038 M. A, C. 0.34 0.33 0.32
Power off .30 83 .35 .86

It is seen that a rearward shift of the stick-fixed neutral
point with power was obtained in the present tests; while a
forward shift was reported for the Langley test airplane.

As discussed previously, it is believed that the rearward shift

obtained in the present tests was partly the result of the shift
in propeller-speed setting for the two power conditions, the

higher blade angles encountered with power off (fig. 6) result-
ing in a greater rate of change of propeller side force with Cy
in this condition. Although the propeller-speed settings used
in the Langley tests are not known, it is possible that the
tests were run with a fixed propeller-speed setting for both
power conditions; higher blade angles would be encountered
with power on than with power off, and the effect of this
factor on the change in stability with power then would be
opposite for the two series of tests. The agreement, however,
is probably within the accuracy that neutral points can be
measured.

The stick-free maneuvering neutral point in the maximum
levelflight speed condition for the Langley fest airplane was
at 0.32 M. A. C., as compared with the average power-on
and power-off location at 0.35 M. A. C. for the Ames test
airplane at low Mach numbers. This discrepancy is prob-
ably not excessive considering that data at only two center-
of-gravity positions were used in the Langley analysis, and a
theoretical extrapolation of date taken with one center-of-
gravity position was used in the present tests.

-— ELEVATOR HINGE-MOMENT PARAMETERS

Comparison of the stick-fixed and stick-free neutral points
in the preceding table shows that 0,“‘ was substantially zero
for the Langley test airplane as well ags for the Ames test
airplane. Using Oka, as zero, the wind-up-turn data for the
Langley test airplane indicated that C’,.,‘ was about —0.0040,
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which value agrees well with the value of —0.0043 deter-
mined in the present tests. For the maximum level-flight-
speed condition and the gliding condition, the straight-flight
data for the Langley test airplane indicated that 0;.,‘ was

about —0.0073, but this value may be somewhat in error
. . . &(Ff9)[dCy
as its magnitude depends directly on the slopes N

and dﬁ‘ﬁaz determined by points at only two center-of-

gravity positions. Similar data taken in the present investi-
gation indicated a value of 0,,,‘ varying with lift coefficient;

the value never became numerically greater than —0.0051,
however, at speeds below the range appreciably affected by
bulging or compressibility.
STICK-FORCE GRADIENT
The stick-force gradient for the Langley test airplane in
accelerated flight with a center-of-gravity location at 0.288

M. A. C. was found to be 3.3 pounds per g from interpolation
of the data. The value determined herein for comparable

conditions on the Ames test airplane was 4.0 pounds per g.
The agreement is considered good.
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